., Supporting Information . DFT studies underline that this is due to a more favorable insertion transition state (2,1-favored by 12 k] mor-I over 1,2-for la) vs destabilization of the2,i-insertion transition state in Id,e. By contrast, MA insertion into the novel isolated and structurally characterized hydride and deuteride complexes [{ T!-P,O-(N-Ar2C2H4N2P)C6H4S03}PdR(Iutidine)] (Ar = 2,6-iPr2C6H3; ge: R = H, lOe: R::: D) occurs 2,I-selectively. This is due to the insertion occurring from the isomer with the Pdonor and the olefin in trans arrangement, rather than the insertion into the alkyl from the cis isomer in which the olefin is in proxinlity to the bulky diazaphospholidine. la-f are precursors to active catalysts for ethylene polymerization to highly linear polyethylene with M" up to 35 OOOg morI. In copolymerization experiments, notbornene was incorporated in up to 6.1 mol % into the polyethylene backbone. .
INTRODUCTION
The selective insertion of an olefinic substrate into a metalcarbon bond is a decisive step in many catalytic transformations. In the area of polymer synthesis, this is impressively illustrated by isotactic polypropylene. Its properties ultimately result from a highly regio-and stereoselective insertion of propylene into the growing chain. By comparison to the large-scale application of catalytic polymerization of apolar olefins such as ethylene and propylene/ an insertion (co )polymerization of electrondeficient monomers such as acrylates is challenging. Considerable progress in this area has been achieved by the development of d 8 -metal (late transition metal) complexes. Their less oxophilic nature, in comparison to their early transition metal counterparts, renders them more tolerant 8505 toward polar moieties. 2 Thus, cationic palladium and nickel adiimine complexes 3 ( Figure 1 ) can copolymerize ethylene and l-olefins with acrylates, yielding branched copolymers.3 Due to the propensity of the cationic Pd(II) catalysts for "chain walking" by a series of rapid fJ-hydride elimination and reinsertion events, the polymers formed are highly branched, with the acrylatederived repeat units located at the end of branches. In contrast, highly linear ethylene-methyl acrylate copolymers without any chain-walking-derived microstructure are obtained with neutral Pd(II) complexes 2-L based on anionic phosphine- sulfonato Iigands [{~-P)O}-(2-MeOC6H4hpC6H4S020]-. A variety of polar comonomers in addition to methyl acrylate (MA), e.g., vinyl ether, acrylonitrile, vinyl fluoride, acrylamides, vinyl acetate, vinyl sulfones, acrylic acid, substituted norbornenes, and allyl acrylate, have been effectively copolymerized with ethylene by complexes of type 2. 2i ,4,5 These unique catalytic properties can be related to the unsymmetric nature of the anionic chelating ligand, with a soft phosphine and a hard suIfonate oxygen donor. 6 With respect to influencing the olefin insertion step, however, the immediate environment of the metal 8506 R3~""';--\ ~ "" R3 R1 R y -
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center is rather open in these square-planar complexes: the suIfonate donor bears little steric bulk, and the aryl substituents on the phosphorus donor of2 point away from the metal center.
We have recently communicated that by incorporation of the Pdonor into a diazaphospholidine heterocycle, with N-bound aryl moieties, the latter can be forced into closer proximity to the metal center to invert the regioselectivity of acrylate insertion? We now give a full account of the insertion behavior and catalytic properties of this class of complexes.
la-Iut lb-Iut
Ib-CILi(aeetone)
Two rotamers of le-Iut
Id-Iut ld-pyr le-Iut le-dmso le-pyr Figure 2 . ORTEP plot of complexes la-lut, lb-lut, Ib-ClLi(acetone), le-lut, Id-lut, ld-pyr, le-lut, le-dmso, and le-pyr drawn with 50% probability ellipsoids. All hydrogen atoms and cocrystallized solvent molecules are omitted for clarity.
RESULTS AND DISCUSSION
Preparation of Diazaphospholidine Ligands and Complexes. Diazaphospholidine-sulfonates with various Naryl substitution patterns and their Pd(II) complexes were prepared similarly to the procedures reported previously for Id-L and Ie-L? The diamines 5 were prepared in a two-step reaction in 32% to 80% yield, starting with the condensation of glyoxal and aniline derivative 4, followed by reduction of the intermediate diimines with NaBH 4 . The isolated diamines 5 were reacted with PCI 3 in the presence of an excess of triethylamine to yield the 2-chloro-diazaphospholidines 6/ which were further reacted with o-dilithiobenzenesulfonate to form the anionic ligands 7. These lithium salts form the LiCIbridged binuclear Pd(II) complexes la-ClLi(acetone), lbCILi(acetone), Ic-CILi(acetone), and If-ClLi(MeOD) in 63% to 88% yield by a stoichiometric reaction with [( 1,5-cyclooctadiene)Pd(Me)CIF (Scheme 1). The corresponding 8507 mononuclear dimethylsulfoxide complexes I-dmso can be prepared by addition of equimolar amounts of AgBF4 and DMSO to a methylene chloride solution of the chloride-bridged complexes I-CILi(solvent). Addition of the stronger coordinating pyridine or 2,6-lutidine without additional silver salts results in the direct formation of the corresponding mononuclear pyridine or lutidine complexes I-pyr and I-Iut in 56% to 95% yield. AIlligands and complexes were fully characterized by lDand 2D-NMR spectroscopy and elemental analysis (see Supporting Information).
In addition, X-ray difli:action analyses of complexes la-Iut, I blut, lc-Iut, Id-Iut, Id-pyr, Ie-Iut, Ie-dmso, Ie-pyr, and IbCILi(acetone) (Figure 2 ) confirm their identity. Complexes lalut and Ic-Iut crystallize in the triclinic pT space group, whereas Ib-Iut, Id-Iut, Id-pyr, le-Iut, Ib-ClLi(acetone), and Ie-dmso crystallize in the monoclinic P211 c or C21 c space group. AIl complexes exhibit a square-planar environment around the Pd 
methyl croton ate (13) 1a
center, with the methyl group and the phosphorus atom located mutually cis to each other. The crystal structure of complex lc-Iut contains two rotamers per unit cell, with both methoxy-anisyl groups occupying the same and the opposite site, respectively, of the diazaphospholidine ring.
The bond lengths around the Pd atom ( Table 1 ) are all in the expected range, with palladium phosphorus distances between 2.18 and 2.22 A 10 For the 2,6-1utidine-coordinated complexes la-e-Iut, the Pd-N and the Pd-P distances increase slightly in the order o-MeO < Ph < o-Tol < iPr < Mes from 2.120 A to 2.139 A and from 2.191 A to 2.228 A, respectively. Concerning the effect of the labile ligand L, the Pd-P distance (trans to the labile ligand) elongates in the order dmso < pyridine < 2,6-lutidine since dmso exerts less of a trans influence on the phosphorus atom than an N-donor. Furthermore, dmso exhibits K-O coordination to the Pd(II) center in the solid-state structure of Id-dms0 7 and le-dmso, which is in contrast to the phosphine-'
)PdMe]-dmso, where dmso was found to bind K_S.4b In addition to these palladium methyl complexes I-L, the Pd- were located in the electron density map, while all other hydrogen atoms were refined by use of a riding model. As in the other crystallized diazaphospholidine-sulfonato complexes (vide supra), the labile neutral monodentate ligand 2,6-lutidine is coordinated trans to the phosphorus atom: Regiochemistry of Insertion. For polar vinyl monomers, the regioselectivity of insertion into a transition metal carbon bond, and in particular a palladium-carbon bond, is usually electronically controlled: This applies to polymerization as well as transition metal catalyzed cross-coupling reactions. 2i
,1l Thus, electron-deficient olefins such as methyl acrylate selectively insert in a 2,I-fashion,3,4,12 whereas electron-rich olefins such as vinyl ethers have a strong preference for I,2_insertion. 5a ,13,14 As we have shown previously in a combined experimental and computational study,7 the regiochemistry of insertion of electron-deficient polar monomers such as methyl acrylate can be inverted from an electronically preferred 2,1-to a I,2-insertion by an appropriately arranged steric bulk of the ligand: Complexes le-ClLi(acetone) and Id-CILi(acetone) yielded the "regioirregular" I,2-insertion product 12 in over 93% NMR yield, due to a destabilization of the transition state of 2, I-insertion. This proposed concept of sterical destabilization of the transition state of2,I-insertion also implies that by decreaSing the steric bulk of the ligand, the insertion should be electronically controlled to favor the 2,I-insertion product (11) of MA into the Pd-CH3 bond of diazaphospholidine-sulfonato complexes l-L, which upon fJ-hydride elimination, yield methyl crotonate (13) and the corresponding hydride complex 9-L (Scheme 2):
To this end, the reaction of the electron-deficient polar olefin methyl acrylate toward the sterically less demanding complexes la-CILi(acetone), Ib-CILi(acetone), and lc-CILi(acetone) was monitored by NMR spectroscopy: To a methylene chloride-d 2 solution of the complex (30 /lmol in 0:6 mL), one equivalent of silver tetrafluoroborate and 20 to 25 equivalents of MA were added: The silver-mediated chloride abstraction took place 8510 within minutes at room temperature, and the reaction mixture was monitored by proton NMR spectroscopy at SO cc. In all cases, the Pd-CH3 signal decreases and a simultaneous increase of characteristic signals for 2,1-and I,2-insertion was observed: 15 fJHydride elimination after 2, I-insertion to methyl crotonate (13) took place immediately after some 2,I-insertion product 11 had formed, whereas the I,2-insertion product 12 was stable under these conditions: Due to this complex reaction scheme, only the decrease of the Pd-CH3 signal could be analyzed by a linear fit for a pseudo-first-order reaction: The obtained rate constants at SO cC are kcbs = (5.0 ± 0.1) X 10-5 S-I, kcbs = (3.7 ± 0.1) X 10-5 S-I, and kobs = (1.2 ± 0.1) X 10-4 S-I for the decay of the Pd-CH3 signal of la-CILi(acetone), Ib-CILi(acetone), and Ic-ClLi-(acetone), respectively. These numbers compare to the reported values of ld-CILi(actone) at 25 cC and le-CILi(tht) at 45 cC of kobs = (6.0 ± 0.1) X 10-4 S-1 and kobs = (4.8 ± 0.1) X 10-4 S-I, respectively. 7
A quantitative analysis of the formed insertion products 12
(after I,2-insertion) and methyl crotonate (13) Complex If-CILi( CD 3 0D) was not stable after silvermediated chloride abstraction and decomposed during the insertion experiment at SO cC, evident by the rapid formation of palladium black. Therefore, the more stable pyridine complex Ifpyrwas investigated in its reactivity toward MA Insertion of MA into the Pd-methyl bond was monitored in C 2 D 2 CI 4 via proton NMR spectroscopy at elevated temperature (80 CC). The Pd-CH 3 Signal decays under these conditions with a pseudo-first- order rate constant ofk obs = (1.2 ± 0.1) X 10-4 s-I, while only the formation of the I,2-insertion product was observed. The observed ratios of 1,2-and 2,I-insertion are in qualitative agreement with density functional theory calculations at the BPS6 generalized gradient approximation level 16 performed on some of these complexes. MA insertion proceeds by lcoordination of MA to the palladium(II) center trans to the phosphorus donor atom, followed by cis-trans isomerization, and insertion in the less stable cis isomer. Previous calculations revealed that the mesityl and 2,6-diisopropylphenyl moieties offragments Id and le are in close proximity to the methoxycarbonyl group of the incoming MA substrate, which forces the latter to rotate out of plane. This destabilizes the Cossee-ArImann-like transition state of the electronically preferred 2,I-insertion. As a result, the transition state of I,2-insertion is kinetically favored over the transition state of 2, I-insertion by an energy difference 00 and 9 kJ mol-I for the fragments Id (N-aryl = mesityI) and le (N-aryl = 2,6-diisopropylphenyI), respectively.' DFT calculations for fragment la (N-aryl = phenyl) now confirm that for this sterically less constrained metal center indeed the transition state for 2,l-insertion of methyl acrylate is favored by 12 kJ mol-lover I,2-insertion ( Figure 5 ). This agrees with the experimentally observed regiochemistry of methyl acrylate insertion into la (vide supra). Further calculations for an N-methyl-substituted diazaphospholidine show that for this even smaller substituent 2,I-insertion is even more pronouncedly favored (IS kJ mol-I vs I,2-insertion), which further illustrates the role of these substituents for regioselectivity (c£ Supporting Information, Figure 57. 3).
The influence of the appropriately arranged steric bulk of the ligands of complexes la (Ar = phenyl) and le (Ar = 2,6-diisopropylphenyl) on the transition state of MA insertion is illustrated in the calculated steric maps ( Figure 5 ). Fragment la features a very flat topology, which shows no strong influence of steric factors.
Besides the two aforementioned opposite insertion products and the jJ-hydride elimination product methyl crotonate, the 8511 formation of palladium black was observed during reaction overnight. This implies that the investigated diazaphospholidinesulfonato complexes are somewhat unstable under these conditions. Also, in all cases, no insertion of MA into a Pdhydride bond, which should be present in the reaction mixture after jJ-hydride elimination, was observed. To further elucidate this issue, the reactivity of the isolated hydride complex ge-lut toward MA was studied. NMR spectroscopic monitoring of a solution ofge-lut and MA in CD 2 Cl 2 at 40°C did not provide any evidence of an insertion, even at prolonged reaction times (ovemight). Only slow decomposition by reductive elimination, evidenced by the formation of palladium black and the luticlinium salt of the diazaphospholidine ligand 7e ([ {N- (2,6- 
Even with a large excess of MA (ca. 200 equiv), no insertion products were observed over a wide temperature range studied (-SO to 25°C).
When, however, the analogous deuteride complex IOe-Iut is reacted with 12 equivalents of MA in benzene-d 6 , an immediate increase of the Pd-hydride signal from 30% (from ge-Iut as an impurity in the deuteride complex, vide supra) to over 90% is observed within a few minutes at room temperature. Also, the phosphorus resonance at SS.39 ppm, a 1:1:1 triplet with a coupling constant of 3.6 Hz (2h_D), decreases in favor of a distinct doublet at SS. IS ppm with a coupling constant of26.4 Hz
eh-H)'
This clearly shows that insertion into the Pd-D/H bond takes place very rapidly, but since no insertion product was detected, immediate jJ-hydride elimination appears to be even faster such that the insertion/elimination equilibrium is on the side of the hydride complex ge-Iut and free MA (Scheme 4). Information) . This 2,I-insertion of methyl acrylate into the palladium hydride bond of lOe-lut is unexpected since methyl acrylate insertion into the corresponding palladium methyl fragment le proceeds with 1,2-insertion regioselectivity.7 The origin of this opposite reactivity was revealed by DFT studies. For the methyl complexes le-MA and 2-MA, in agreement with calculations reported for 2_MAI7 and for le-MA/ methyl acrylate initially coordinates trans to the phosphorus atom, then undergoes a trans to cis isomerization. Insertion proceeds from this eis-coordinated intermediate since the corresponding eis transition state is lower in energy than the trans transition state ( Figure S7.6, top ) .7,17 The regioselectivity is controlled by the steric bulk of the ligand, and the 2,I-insertion mode is disfavored by9 kJ mol-I vs the 1,2-insertion for le (vide supra)? In the case of the hydride or deuteride complex (ge-MA or lOe-MA), consistently with Nozaki's results on the olefin insertion into the hydride complex analogous to 2,17b calculations reveal that the trans transition state for 2, I-insertion of MA is favored over the cis transition state ( Figure S7 .5 and Figure 6 ). As a consequence, reaction occurs by MA coordination trans to the phosphorus atom l8 followed by 2,I-insertion from this trans geometry ( Figure S7.6, bottom) . In other words, no trans to cis isomerization is necessary. In the trans complex, I,2-insertion is disfavored by 24 kJ mol-I vs 2,1-insertion ( Figure 6 ). Due to the cooperative electronic and steric effects (see Figure 6 , steric maps), this difference in insertion 8512 barrier is higher compared to the related phosphine-suIfonato system 2 (IS kJ mol-I).
Ethylene Homopolymerization Studies. Beyond these stoichiometric studies of insertion, the catalytic properties of complexes I-L were studied. All compounds are precursors to active catalysts for ethylene homopolymerization (Table 2) . Productivities are limited by comparison to the phosphinesuIfonato complex 2-L (L = dmso, pyridine, 2,6-lutidine) at comparable conditions. 4 The low activity also arises from a reduced stability at elevated temperatures for the diazaphosphoIidine complexes, particularly ld-L and le-L, as evidenced by a decreasing ethylene uptake with time during polymerization experiments ( Figure 7 ).
Complexes Id-lut (Ar = mesityl) and le-Iut (Ar = 2,6-iPr2C6H3) for example exhibit their highest productivity at SO QC (Table 2 , entries 2-18 and 2-24), whereas complexes la-Iut (Ar = phenyl) and lh-Iut (Ar = o-tolyl) reach their highest productivity of 2.0 X 10 3 molC2H4 molpd -1 and 3.6 X 10 3 molc2H4 molpd-I , respectively, at 90 QC ( Table 2 , entries 2-3 and 2-14). The terphenyl-substituted complex If-pyr did not yield significant amounts of polymer.
As expected, complexes of the weaker coordinating ligand DMSO display higher activities (compare for example entries 2-3 and 2-8 or entries 2-18 and 2-21), as it competes less with monomer binding by comparison to lutidine or pyridine. Also, higher ethylene pressure leads to an increase in catalyst activity (compare entries 2-4 and 2-6).
Molecular weights of the isolated polymers depend strongly on the diazaphospholidine aryl substitution pattern. The least bulky complex la-Iut (Ar = phenyl) produced polyethylene with a molecular weight of up to 35 000 g mol-I, which is on the same order of magnitude as found for the phosphine-sulfonato complexes 2. The more bulky complexes Id-lut (Ar = mesityl) and le-lut (Ar = 2,6-iPr2C6H3) are more active (vide supra), but produce oligomeriC material with molecular weights of about 1000 g mol-I or less. This is somewhat unexpected since it is thought that more bulky ligands increase catalyst activity and molecular weight of polyethylene produced by phosphinesulfonato Pd(U) complexes, 19 although this is not a clear trend?O The electron-donating methoxy group of complex Ic-lut 8513 enhances productivity and molecular weight compared to the methyl-substituted complex Ib-Iut (compare entries 2-1I and 2-14). All catalyst precursors produce highly linear polyethylenes according to quantitative high-temperature BC NMR spectroscopy. Only for polyethylenes formed by la-lut and I b-lut a small amount of methyl branches was detectable, two methyl branches per 1000 carbon atoms, but no higher alkyl branches were found.
Copolymerization Studies. The most active catalyst, le-lut, was also studied in copolymerization experiments of ethylene and various comonomers, namely, methyl acrylate, styrene, norbornene, S-norbornene-2,3-dicarboxylic anhydride, vinyl acetate, and vinyl ether (Table 3) . Only the strained norbornene was incorporated (Table 3 , entries 3-6 and 3-7) , while in the presence of all other comonomers polyethylene homopolymer was formed. Molecular weights of these polyethylenes are between 600 and 900 g mol-I, which is in the same range as in ethylene homopolymerization in the absence of comonomers. Taking into account these molecular weights, the detection limit of the aforementioned composition analysis is less than one comonomer repeat unit per chain. That is, even comonomerderived end groups can be excluded. The polymer yield decreased significantly in the presence of polar-substituted comonomers by comparison to polymerization without comonomer (entry 3-1). This decrease in productivity is likely due to competing a-coordination of the polar moiety, as observed in detailed studies of the phosphine-sulfonato complexes 2.21 This interpretation is also supported by the finding that the presence of styrene did not reduce the yield as pronouncedly (entries 3-4 and 3-5) and that productivity decreases with increasing concentration of the polar como--nomer.
Copolymerizations of ethylene with 0.1 and 0.3 mol L-1 norbornene (entries 3-6 and entry 3-7) yielded oligomeric materials as highly viscous oils with a molecular weight (by IH NMR) of about 700 g mol-I and a norbornene content of 3.5 and 6.1 mol %, respectively. Isolated norbornene units are incorporated into the linear ethylene backbone. 22 This incorporation of norbornene is about four times lower compared to phosphine-sulfonato complexes 2, which produced copolymers with 48000 g mol-I and 12 mol % norbornene incorporation under similar conditions (24 /lmol of Pd, 0.1 mol L -I, 20 bar).23 In general, the steric bulk of the diazaphospholidine moiety appears to hamper incorporation of comonomer vs ethylene incorporation.
IIIlII SUMMARY AND CONCLUSIONS
This comprehensive study of new diazaphospholidine-sulfonato Pd(II) complexes reveals that within this class of compounds the regioselectivity of acrylate insertion can be inverted via the bidentate ligand. Depending on the steric bulk of the N-aryl substituents, insertion can occur very selectively (>95%) in either a 2,1-or 1,2-fashion. This is due to a destabilization of the 2,1-insertion transition state by interference of bulky substituents with the coordinated acrylate substrate that overrides the electronic preference for this insertion mode? while for less sterically demanding substituents the 2, I-insertion transition state was found to be energetically favorable vs the transition state of 1,2-insertion by DFT studies. In stark contrast, acrylate insertion into diazaphospholidine hydride (or deuteride) complexes was observed to follow the common 2,I-insertion pathway even for very bulky substituted complexes (R = 2,6-iPr 2 C 6 H 3 ). Theoretical studies reveal the origin of this different behavior. Other than insertion into a metal-alkyl bond, insertion into the hydride occurs from the species in which the 1[-coordinated acrylate is trans to the P-donor, with the hydride in cis position. Thus, the olefin is more remote from the P-donor and its substituents, and the insertion step is less sensitive to their steric bulk. All representatives of diazaphospholidine-sulfonato complexes studied were found to be active for ethylene polymerization. 
